Treponema spp. are a commonly detected bacterial group in the rumen that are involved in 27 the degradation of soluble fibers. In this study, a ruminal Treponema group-specific PCR 28 primer targeting the 16S rRNA gene was designed and used to assess the phylogenetic 29 diversity and diet association of this group in sheep rumen. Total DNA was extracted from 30 rumen digesta of three sheep fed a diet based on alfalfa/orchardgrass hay or concentrate. The 31 real-time PCR quantification indicated that the relative abundance of the Treponema group in 32 the total rumen bacteria was as high as 1.05%, while the known species Treponema bryantii 33 accounted for only 0.02%. Fingerprints of the Treponema community determined by 16S 34 rDNA targeted denaturing gradient gel electrophoresis (DGGE) analysis tended to differ 35 among the diets. Principal component analysis of the DGGE profiles distinguished those 36 Treponema associated with either the hay or the concentrate diets. Analysis of a Treponema 37 16S rRNA gene clone library showed phylogenetically distinct operational taxonomic units 38 for a specific dietary condition, and significant (P = 0.001) differences in community 39 composition were observed among clone libraries constructed from each dietary regimen. 40 The majority of clones (75.4%) had less than 97% sequence similarity with known 41 Treponema. These results suggest the predominance of uncultured Treponema that appear to 42 have distinct members related to the digestion of either hay or concentrate diet. 43 44 45 46 47 48 49 50 51
Introduction
In order to design a PCR primer targeting rumen Treponema, 63 currently available 16S 117 rRNA gene sequences of rumen Treponema were obtained from the GenBank database as 118 well as from our clone library sequence collections. Sequences for the three known 119 Treponema species were also included in the analysis. In addition, 10 mammalian and 14 120 termite Treponema sequences were included in the in silico analysis. The sequences were 121 aligned with Clustal X v.1.81 multiple sequence alignment software (Thompson et al., 1997) . 122 The Treponema group-specific forward primer was designed based on a region conserved 123 among all rumen Treponema, while the universal primer 926R (Watanabe et al., 2001) was 124 chosen as a reverse primer. The nucleotide positions of the target site for the forward primer 1. 140 Real-time PCR quantification of the 16S rRNA gene 141 Plasmid DNA to be used as the standard in real-time PCR was obtained by cloning of 16S 142 rRNA gene PCR products into Escherichia coli JM109 cells, as previously described (Koike 143 et al., 2007) . For Treponema group-specific PCR as well as T. bryantii-specific PCR, a 16S 144 rRNA gene fragment of T. bryantii ATCC33254 was used to prepare a plasmid DNA 145 standard as previously reported (Bekele et al., 2010) . The PCR primers used are shown in 146 Table 1. PCR amplification for the quantification of target bacterial 16S rRNA gene was 147 performed with a LightCycler 2.0 system (Roche Applied Science, Penzberg, Germany) and 148 FastStart DNA Master SYBR Green I (Roche Applied Science, Penzberg, Germany). The 149 optimal amplification conditions for each primer pair were achieved with 3.5 mM MgCl 2 . 7 The 20 "l reaction mixture contained 2.5 mM MgCl 2, 2 "l 10! Mastermix (containing 151 FastStart Taq DNA polymerase, reaction buffer, dNTP mixture, 1 mM MgCl 2 and SYBR 152 Green I dye), 0.5 "M of each primer and 10 ng template DNA. The thermal profile consisted 153 of denaturation at 95°C for 10 min, followed by 40 cycles of 95°C for 15 s, annealing at the 154 temperature indicated for the primer pair (Table 1) for 5 s and 72°C for an appropriate 155 extension time (Table 1) . Dissociation curve analysis was performed to ascertain the 156 specificity of amplicons by slow heating with a 0.1°C/s increment from 70°C to 95°C, with 157 fluorescence collection at 0.1°C intervals. A 10-fold dilution series of the plasmid DNA 158 standard for the respective target bacterial 16S rRNA gene was run along with the samples. 159 The respective genes were quantified using standard curves obtained from the amplification 160 profile of known concentrations of the plasmid DNA standard. (Table 3) . Although the Chao1 estimation was lower for the orchardgrass, the 284 predicted OTUs and the overall level of diversity estimation by the Shannon index were 285 higher for the alfalfa and orchardgrass hay libraries (Table 3) , which correlated with the 286 DGGE observation (Fig. 1) . 287 Among the 77 (24.6%, 2 OTUs) clone sequences that showed 97% or more sequence 288 similarity with cultured Treponema, 76 were related to T. bryantii. Only a single sequence 289 related to T. zioleckii and no sequences having 97% or more similarity with T.
290 saccharophilum were found. The majority of clones (236 clones, 75.4%) were related to 291 uncultured Treponema, irrespective of diet (Table 3) . Among the uncultured Treponema, 70 292 clones had 97% or more similarity with sequences of uncultured Treponema clones, while 293 166 clones showed 86 to 96% similarity (Table 3) with any sequence in the NCBI database. 294 Pairwise comparison of each 16S rRNA gene library using web-LIBSHUFF confirmed that 295 the libraries were significantly (P = 0.001) different from one another (data not shown). 296 The results of a phylogenetic analysis of the 67 OTUs identified among the combined 297 16S rRNA gene sequences from the three libraries are shown in Fig. 3 . The phylogenetic tree 298 (Fig. 3 ) was divided into two major clades (Clade I and II). Additionally, clade II was further 299 categorized in to sub-clades (a-e), although this was not supported by higher bootstrap values. with T. sacchrophilum and T. zioleckii was reported in previous studies (Whitford et al., 1998; Tajima et al., 1999; Koike et al., 2003) . Therefore, T. sacchrophilum and T. zioleckii 326 appear to be minor bacterial species in the rumen. , 1999; Ozutsumi et al., 2005) . Therefore, the group-specific clone library approach that 345 we followed in this study proved useful to obtain a comprehensive description of the diversity 346 of (Tajima et al., 2001 , Welkie et al., 2010 . Recently, we reported molecular evidence for the 367 existence of diet-specific subpopulations of Prevotella that might be involved in the 368 degradation of either hay or concentrate diets (Bekele et al., 2010) . Collectively, these 369 findings support the concept of functional specialization among rumen bacterial groups and 370 even within a bacterial group such as Treponema. 371 Two OTUs (25 and 67) had a phylogenetic position closer to cultured species of T. 372 bryantii and T. saccharophilum, respectively. These OTUs may have similar functions to that 373 of the cultured close relatives. Cultured rumen Treponema strains do not break down 374 cellulose, but are capable of catabolizing other structural polysaccharides such as pectin, xylan, and fructan (Ziolecki, 1979; Wojciechowicz & Ziolecki, 1979; Ziolecki & 376 Wojciechowicz, 1980; Piknova et al., 2008) , and also of utilizing hydrolysis products of plant 377 polymers such as cellobiose, xylose, arabinose and galacturonic acid (Paster & Canale-Parola, 378 1985) . Interestingly, the majority of clones belonging to OTUs 25 and 67 were obtained from 379 the animals fed a hay diet. Therefore, these clones may be involved in rumen fiber 380 degradation.
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In conclusion, this study revealed the phylogenetic diversity of rumen Treponema in 
